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Abstract
The non-perturbative nilpotent exact BRST symmetry of the Gribov-Zwanziger action in the Lan-
dau gauge constructed in [1] is generalized to the case of Euclidean Yang-Mills theories quantized
in the maximal Abelian gauge. The resulting diagonal gluon propagator is evaluating in dimensions
D = 4, 3, 2. In D = 4, 3 a decoupling type behaviour is found in the infrared region, while in D = 2 a
scaling type behaviour emerges.
1 Introduction
Since the seminal work [2], the issue of the Gribov copies has become a powerful tool in order to inves-
tigate the behaviour of confining Yang-Mills theories in the non-perturbative infrared region. The deep
progress [2, 3, 4, 5, 6, 7, 8] done in the last four decades on the Gribov problem1 in the Landau gauge, has
resulted in the so-called Gribov-Zwanziger framework [2, 4, 5, 6] and its refined version [11, 12, 13], from
which a local and renormalizable non-perturbative action taking into account the existence of Gribov
copies has been constructed. So far, this set up has provided a large number of applications which have
covered several aspects of confining Yang-Mills theories, namely: study of the gluon and ghost correlation
functions [4, 5, 6, 11, 12, 13, 14], investigation of the spectrum of the glueballs [15, 16], thermodynamics
and phase transitions [17, 18, 19, 20, 21, 22, 23], supersymmetric theories [24, 25], study of the confine-
ment/deconfinement transition when Higgs fields are present [26].
Parallel to these developments, an intense and rich discussion on the important aspect of the relationship
between the BRST symmetry and the Gribov problem has taken place, see [28, 29, 30, 31, 32, 33, 34,
35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45] for an overview. Needless to say, the BRST symmetry is a
fundamental ingredient of the Faddeev-Popov quantization, allowing for a perturbative all order proof
of the renormalizability of Yang-Mills theories as well as for the identification of the asymptotic Fock
sub-spaces on which the S-matrix2 is unitarity. Unravelling the role of the BRST symmetry in the case
of confining theories is believed to be a pivotal issue in order to understand the mechanism responsible
for color confinement.
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1For a pedagogical introduction to the Gribov problem, see [9, 10].
2We refer here to non-confining Yang-Mills theories for which the elementary fields admit asymptotic states, so that a
perturbative construction of the S-matrix can be worked out.
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Recently, the authors [1] have been able to construct a non-perturbative nilpotent extension of the
standard BRST operator which turns out to be an exact symmetry of the Gribov-Zwanziger action in
Landau gauge. This is an important step towards a comprehension of the role of this symmetry at the
non-perturbative level. The construction of the non-perturbative BRST operator outlined in [1] has
allowed for a nice and geometrical resolution of the Gribov problem in the class of the linear covariant
gauges, with the important outcome that the correlation functions of the gauge invariant colorless opera-
tors are independent of the gauge parameter, a feature also shared by the so-called Gribov parameter γ2.
These are non-trivial results, given the well known difficulties of addressing the Gribov issue in the class
of the linear covariant gauges [46, 47], due to the lack of hermiticity of the Faddeev-Popov operator.
In this work, we extend the construction of [1] to the case of the maximal Abelian gauge, which plays
a central role in the dual superconductivity mechanism for confinement [48, 49, 50]. According to the
dual superconductivity picture, QCD at low energies should behave as an Abelian theory in presence of
monopoles, a feature referred as to Abelian dominance [51, 52, 53, 54, 55, 56, 57, 58, 59, 60, 61, 62, 63,
64, 65]. The condensation of the monopoles would give rise to the formation of flux tubes which confine
quarks [48, 49, 50].
Concerning the Gribov problem in the maximal Abelian gauge, although the situation cannot be compared
to that of the Landau gauge [2, 4, 5, 6, 7], a few results are already available, see [66, 67, 68, 69, 70, 71, 72],
where the analogous of Zwanziger’s horizon function as well as of the Gribov-Zwanziger action and of its
refined version have been constructed. A study of the maximal Abelian gauge within the context of the
Schwinger-Dyson equations can be found in [74].
The paper is organized as follows. In Sect.2 we give a short summary of the construction of the non-
perturbative BRST symmetry in the case of the Gribov-Zwanziger action in the Landau gauge. Sect.3
is devoted to the generalization to the maximal Abelian gauge. In Sect.4 we discuss the refined action
and its non-perturbative BRST symmetry. In Sect.5 we analyse the resulting diagonal gluon propagator
in D = 4, 3, 2 dimensions pointing out that, similarly to what happens in the case of the Landau gauge,
while a decoupling behaviour takes place in D = 4, 3, a scaling type behaviour emerges in D = 2. In
Sect.6 we provide a detailed account of how the non-perturbative BRST symmetry and associated ac-
tion can be cast in local form by introducing a suitable set of localizing fields. In Sect.7 we collect our
conclusion.
2 Brief summary of the Gribov-Zwanziger framework and of its non-
perturbative BRST symmetry in Landau gauge
For the benefit of the reader, let us give here a short summary of the Gribov-Zwanziger set up for
SU(N) Euclidean Yang-Mills theory in the Landau gauge, ∂µA
a
µ = 0, and of its non-perturbative BRST
symmetry. This framework [2, 4, 5, 6, 9, 10] enables us to implement the restriction in the functional
integral to the Gribov region Ω, defined as
Ω = { Aaµ| ∂µA
a
µ = 0, M
ab(A) > 0 } , (1)
where Mab is the Faddeev-Popov operator of the Landau gauge, i.e.
Mab(A) = −δab∂2 + gfabcAcµ∂µ, with ∂µA
a
µ = 0 . (2)
The restriction to the region Ω takes into account the existence of the Gribov copies which affect the
Faddeev-Popov quantization scheme [2, 4, 5, 6, 9, 10]. According to [2, 4, 5, 6], for the partition function
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of quantized Yang-Mills action in Landau gauge, one writes
Z =
∫
Ω
[DA] δ(∂A) det(M) e−SYM . (3)
The restriction of the domain of integration to the region Ω can be effectively implemented by adding to
the starting action an additional non-local term H(A), known as the horizon function. More precisely
[2, 4, 5, 6] ∫
Ω
[DA] δ(∂A) det(M) e−SYM
=
∫
[DA] δ(∂A) det(M) e−(SYM+γ
4H(A)−4V γ4(N2−1)) (4)
where
H(A) = g2
∫
d4xd4y fabcAbµ(x)
[
M−1(x, y)
]ad
fdecAeµ(y) , (5)
with
[
M−1
]
denoting the inverse of the Faddeev-Popov operator, eq.(2). The mass parameter γ2 ap-
pearing in expression (4) is known as the Gribov parameter. It is determined in a self-consistent way by
the gap equation [2, 4, 5, 6]
〈H〉 = 4V (N2 − 1) , (6)
where the vacuum expectation values 〈H〉 has to be evaluated with the measure defined in eq.(4); V
denotes the space-time volume. Expression (4) can be cast in a more suitable form by introducing a set
of commuting (φ¯, φ) and anticommuting (ω, ω¯) auxiliary fields [4, 5, 6], namely∫
Ω
[DA] δ(∂A) det(M) e−SYM =
∫
[DΦ] e−(SGZ−4V γ
4(N2−1)), (7)
where Φ refers to all fields present and SGZ stands for the Gribov-Zwanziger action, i.e.
SGZ = SFP +
∫
d4x
(
φ¯acµ [M(A)]
abφbcµ − ω¯
ac
µ [M(A)]
abωbcµ + gγ
2fabcAaµ(φ¯
bc
µ + φ
bc
µ )
)
, (8)
with SFP denoting the Faddeev-Popov action of the Landau gauge
SFP = SYM +
∫
d4x
(
ba∂µA
a
µ + c¯
a∂µD
ab
µ c
b
)
. (9)
Notice that, in the expression (9) above, the field ba denotes the Lagrange multiplier enforcing the Landau
gauge, while ca and c¯a are the Faddeev-Popov ghost and anti-ghost fields, respectively.
In the local formulation, the gap equation (6) can be rewritten as
∂Ev
∂γ2
= 0 , e−V Ev =
∫
[DΦ] e−(SGZ−4V γ
4(N2−1)) , (10)
where Ev denotes the vacuum energy.
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In order to construct a non-perturbative BRST symmetry for the action (8), we follow [1] and intro-
duce the non-local transverse gauge invariant field3 Ahµ, ∂µA
h
µ = 0, [75, 76, 77]
Ahµ = Pµν
(
Aν − ig
[
∂A
∂2
, Aν
]
+
ig
2
[
∂A
∂2
, ∂ν
∂A
∂2
])
+O(A3)
= Aµ −
∂µ
∂2
∂A+ ig
[
Aµ,
1
∂2
∂A
]
+
ig
2
[
1
∂2
∂A, ∂µ
1
∂2
∂A
]
+ig
∂µ
∂2
[
∂ν
∂2
∂A,Aν
]
+ i
g
2
∂µ
∂2
[
∂A
∂2
, ∂A
]
+O(A3) , (11)
where Pµν =
(
δµν −
∂µ∂ν
∂2
)
is the transverse projector. Expression (11) is left invariant by infinitesimal
gauge transformations order by order, namely
δAhµ = 0 , δAµ = −∂λ+ ig[Aµ, λ] . (12)
Looking now at eq.(11), one sees that a divergence ∂A is present in all higher order terms. Therefore,
we can rewrite Zwanziger’s horizon function H(A) in terms of the invariant field Ah as
H(A) = H(Ah)−R(A)(∂A) (13)
where R(A)(∂A) is a short-hand notation, R(A)(∂A) =
∫
d4xd4yRa(x, y)(∂Aa)y, R(A) being an infinite
non-local power series of Aµ. Thus, for the Gribov-Zwanziger action, we may write
SGZ = SYM +
∫
d4x
(
ba∂µA
a
µ + c¯
a∂µD
ab
µ c
b
)
+ γ4H(A)
= SYM +
∫
d4x
(
ba∂µA
a
µ + c¯
a∂µD
ab
µ c
b
)
+ γ4H(Ah)− γ4R(A)(∂A)
= SYM +
∫
d4x
(
bah∂µA
a
µ + c¯
a∂µD
ab
µ c
c
)
+ γ4H(Ah) , (14)
where the new field bah stands for
bh = b− γ4R(A) . (15)
The use of the field bh enables us to write down an exact nilpotent non-perturbative BRST symmetry.
Rewriting the Gribov-Zwanziger action by using the auxiliary fields (φ¯, φ, ω, ω¯), i.e.
SGZ = SYM +
∫
d4x
(
bah∂µA
a
µ + c¯
a∂µD
ab
µ c
b
)
+
∫
d4x
(
φ¯acµ [M(A
h)]abφbcµ − ω¯
ac
µ [M(A
h)]abωbcµ + gγ
2fabcAahµ (φ¯
bc
µ + φ
bc
µ )
)
, (16)
it turns out that expression (16) is left invariant by the nilpotent non-perturbative BRST transformation
[1]
sγ2A
a
µ = −D
ab
µ c
b , sγ2c
a =
g
2
fabccbcc ,
sγ2 c¯
a = bah , sγ2b
ah = 0 ,
sγ2φ
ab
µ = ω
ab
µ , sγ2ω
ab
µ = 0 ,
sγ2ω¯
ab
µ = φ¯
ab
µ + γ
2gfkpbAh,kµ
[
M−1(Ah)
]pa
, sγ2 φ¯
ab
µ = 0 , (17)
3We employ here a matrix notation, Ahµ = A
h,a
µ T
a, where {T a}, a = 1, ...(N2 − 1), denote the hermitian generators of
SU(N), [T a, T b] = ifabcT c.
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with
s2γ2 = 0 , sγ2SGZ = 0 . (18)
The operator sγ2 depends explicitly on the non-perturbative Gribov parameter γ
2. As such, it is a non-
perturbative extension of the usual BRST operator of the Faddeev-Popov theory, to which it reduces in
the limit γ2 → 0.
Before discussing the generalization of this construction to the case of the maximal Abelian gauge, it is
worth spending a few words on the nature of the non-local variable Ahµ of expression (11). As already
pointed out, the field Ahµ is left invariant order by order by infinitesimal gauge transformations. As a
consequence, it is invariant under the action of the BRST operator sγ2 , i.e.
sγ2A
h
µ = 0 . (19)
Equation (19) might give the impression that the gauge field Ahµ could create an invariant physical state
carrying a color index. Nevertheless, in the present case, this possibility is ruled out by the presence of
the Gribov parameter γ2, which acts as a confining parameter for gluons in the non-perturbative infrared
region. In fact, a look at the tree-level two-point correlation function 〈Ahµ(k)A
h
ν (−k)〉GZ stemming from
the Gribov-Zwanziger action (16) learns that
〈Ahµ(k)A
h
ν(−k)〉GZ =
k2
k4 + 2g2Nγ4
(
δµν −
kµkν
k2
)
. (20)
Expression (20) displays complex poles, a feature which prevents a particle interpretation. In other words,
even if the field Ahµ is left invariant by the operator sγ2 , it cannot be associated to a physical state due to
the confining character of the Gribov horizon, encoded in the Gribov mass parameter γ2. These consider-
ations can be easily extended to the case of the refined-Gribov-Zwanziger theory [11, 12, 13] as well as to
the maximal Abelian gauge. Of course, the field Ahµ could be introduced also in the case of a non-confining
theory, like the electroweak theory SU(2) × U(1), see [26]. In this case, the use of the variable Ahµ leads
to a gauge invariant description of the physical vector bosons (W+,W−, Z0), as discussed in details in [76].
The introduction of the field Ahµ and of the operator sγ2 allows us to clarify better the physical meaning
of the Gribov parameter γ2. As it is apparent from expressions (14), (16), the horizon function γ4H(Ah)
acquires now the meaning of a quantity invariant under the BRST operator sγ2 . This is an interesting
feature, enabling us to state that the Gribov parameter γ2 is not akin to an unphysical gauge parameter.
In fact, from
sγ2H(A
h) = 0 , (21)
it immediately follows that
∂SGZ
∂γ2
6= sγ2(....) , (22)
meaning that γ2 is a physical parameter of the theory. As such, it will enter in the expressions of the
gauge invariant correlation functions, deeply modifying their behavior in the infrared region, as explicitly
reported, for example, in the evaluation of the spectral densities for the glueball spectrum [15, 16].
3 Generalization to the maximal Abelian gauge
In order to generalize the previous set up to the maximal Abelian gauge, let us start by fixing the
notation and by reminding a few properties of this gauge.
5
3.1 The maximal Abelian gauge fixing and the horizon function
We shall consider, for simplicity, the gauge group SU(2), whose generators T a, (a = 1, 2, 3),[
T a, T b
]
= iεabcT c (23)
are chosen to be hermitian and to obey the orthonormality condition Tr
(
T aT b
)
= δab. Following
[48, 78, 79], we decompose the gauge field Aµ into off-diagonal and diagonal components
Aµ = A
a
µT
a = AαµT
α +AµT
3, (24)
where α = 1, 2 and T 3 is the diagonal generator of the Cartan subgroup of SU(2). Analogously, decom-
posing the field strength, we obtain
Fµν = F
a
µνT
a = FαµνT
α + FµνT
3, (25)
with the off-diagonal and diagonal components given, respectively, by
Fαµν = D
αβ
µ A
β
ν −D
αβ
ν A
β
µ ,
Fµν = ∂µAν − ∂νAµ + gε
αβAαµA
β
ν , (26)
where the covariant derivative Dαβµ is defined with respect to the diagonal component Aµ
Dαβµ ≡ ∂µδ
αβ − gεαβAµ , ε
αβ ≡ εαβ3 . (27)
Also, the Yang-Mills action
SYM =
∫
d4x
1
4
(
FαµνF
α
µν + FµνFµν
)
, (28)
is left invariant by the gauge transformations
δAαµ = −D
αβ
µ ω
β − gεαβAβµω ,
δAµ = −∂µω − gε
αβAαµω
β . (29)
The maximal Abelian gauge condition amounts to impose that the off-diagonal components Aαµ of the
gauge field obey the following non-linear condition
Dαβµ A
β
µ = 0 . (30)
Moreover, as it is apparent from the presence of the covariant derivative Dαβµ , equation (30) allows
for a residual local U(1) invariance corresponding to the diagonal subgroup of SU(2). This additional
invariance has to be fixed by means of a further gauge condition on the diagonal component Aµ, which
is usually chosen to be of the Landau type, namely
∂µAµ = 0 . (31)
The Faddeev-Popov operator, Mαβ , corresponding to the gauge condition (30) is easily derived, being
given by
Mαβ = −Dαδµ D
δβ
µ − g
2εασεβδAσµA
δ
µ . (32)
In order to construct the Faddeev-Popov action corresponding to the gauge conditions (30),(31), we
proceed by introducing the standard nilpotent BRST transformations
sAαµ = −(D
αβ
µ c
β + gεαβAβµc) , sAµ = −(∂µc+ gε
αβAαµc
β) ,
scα = gεαβcβc , sc =
g
2
εαβcαcβ ,
sc¯α = bα , sc¯ = b , sbα = sb = 0 , (33)
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where (c¯α, c¯, cα, c) are the Faddeev-Popov ghosts and (bα, b) are the Lagrange multipliers implementing
the gauge conditions (30),(31). Further, we introduce the s-exact gauge fixing term
SMAG = s
∫
d4x
(
c¯αDαβµ A
β
µ + c¯∂µAµ
)
=
∫
d4x
(
bαDαβµ A
β
µ − c¯
αMαβcβ + gεαβ c¯α(Dβδµ A
δ
µ)c+ b∂µAµ + c¯ ∂µ
(
∂µc+ gε
αβAαµc
β
))
,
(34)
where Mab stands for the Faddeev-Popov operator (32). It is apparent that the Faddeev-Popov action
of the maximal Abelian gauge
SFPMAG = SYM + SMAG , (35)
turns out to be BRST invariant, i.e.
sSFPMAG = 0 . (36)
As any other covariant gauge, also the maximal Abelian gauge is plagued by the existence of Gribov
copies, see refs.[80, 81, 82] for explicit examples of zero modes of the Faddeev-Popov operator (32). By
restricting the integration in the functional integral to the region where the Faddeev-Popov operatorMαβ
is strictly positive, i.e. Mαβ > 0, a large number of copies could be eliminated, as proven in [66, 70].
Furthermore, in complete analogy with the case of the Landau gauge, this restriction is implemented by
adding to the original Faddeev-Popov action, eq.(35), a non-local horizon term which, in the case of the
maximal Abelian gauge, turns out to be given by the expression [66, 67, 69, 70]
HMAG(A) = g
2
∫
d4x d4y Aµ(x)ε
αβ
(
M−1
)αδ
(x, y)εδβAµ(y) . (37)
Therefore, for the analogous of the Gribov-Zwanziger action in the maximal Abelian gauge, we have
SGZMAG = S
FP
MAG + γ
4HMAG(A) , (38)
where γ2 stands for the Gribov parameter of the maximal Abelian gauge. Proceeding as in the case of
the Landau gauge, expression (38) can be cast in local form by introducing a pair of auxiliary bosonic
fields, (φ¯αβµ , φ
αβ
µ ), and a pair of auxiliary fermonic fields, (ω¯
αβ
µ , ω
αβ
µ ), namely
SGZMAG = S
FP
MAG +
∫
d4x
(
φ¯αβµ M
αδφδβµ − ω¯
αβ
µ M
αδωδβµ + gγ
2εαβ
(
φαβµ − φ¯
αβ
µ
)
Aµ
)
. (39)
As shown in [66, 67, 69, 70], the action SGZMAG enables us to implement the restriction in the functional
integral to the Gribov region ΩMAG of the maximal Abelian gauge, defined as
ΩMAG =
{
Aαµ , Aµ
∣∣∣ ∂µAµ = 0, Dαβµ Aβµ = 0, Mαβ(A) = −(Dαδµ Dδβµ + g2εασεβδAσµAδµ) > 0 } . (40)
Although the understanding of the Gribov issue in the maximal Abelian gauge cannot yet be compared
to that reached in the Landau gauge, a few properties of the region ΩMAG have been already obtained.
In particular, in [70], it has been established that ΩMAG is unbounded along the diagonal directions in
field space. This feature seems to be consistent with the aforementioned Abelian dominance hypothesis,
according to which the diagonal configurations, corresponding to the Abelian Cartan subgroup, should be
the dominant configurations in the infrared. Moreover, in [73], it has been shown that when an Abelian
configuration is gauge-transformed to the Landau gauge, it is mapped into a point of the boundary of the
Gribov region Ω of the Landau gauge, eq.(40), i.e. into a point of the Gribov horizon4. These features
give further support to the restriction of the domain of integration to the region ΩMAG.
We can now address the issue of the existence of a nilpotent non-perturbative BRST symmetry for
the action (39).
4See Sect.V of [73].
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3.2 The non-perturbative BRST symmetry for the maximal Abelian gauge
In order to construct a non-perturbative BRST symmetry for the action (39), we proceed as in the
case of the Landau gauge. Making use of the invariant field Ahµ, eq.(11), we can rewrite expression (37)
as
HMAG(A) = HMAG(A
h)−F(A)∂A −Fα(A)∂Aα
= HMAG(A
h)−
(
−∂µF(A) + gε
αβFα(A)Aβµ
)
Aµ −F
α(A)Dαβµ A
β
µ (41)
where, as in the previous section, F(A)∂A, Fα(A)∂Aα stand for a short-hand notation, i.e. F(A)(∂A) =∫
d4xd4yF(x, y)(∂A)y and F
α(A)(∂Aα) =
∫
d4xd4yFα(x, y)(∂Aα)y. Introducing as before the redefined
Lagrange multipliers bh, bh,α
bh = b− γ4F(A) + γ4
∫ x
−∞
dyµ
(
gεαβFα(A)Aβµ
)
y
bh,α = bα − γ4Fα(A) , (42)
we can rewrite the action (38) as
SGZMAG = SYM + SMAG(b
h, bh,α) + γ4HMAG(A
h) , (43)
with
SMAG(b
h, bh,α) =
∫
d4x
(
bh,αDαβµ A
β
µ − c¯
αMαβcβ + gεαβ c¯α(Dβδµ A
δ
µ)c+ b
h∂µAµ + c¯ ∂µ
(
∂µc+ gε
αβAαµc
β
))
(44)
Notice that equations (42) correspond to a change of variables in the functional integral in the b-sector
of the theory, the corresponding Jacobian being the unity.
Introducing thus the auxiliary fileds (φ¯, φ, ω¯, ω), we obtain
SGZMAG = SYM +
∫
d4x
(
φ¯αβµ M
αδ(Ah)φδβµ − ω¯
αβ
µ M
αδ(Ah)ωδβµ + gγ
2εαβ
(
φαβµ − φ¯
αβ
µ
)
Ah,3µ
)
+
∫
d4x
(
bh,αDαβµ A
β
µ − c¯
αMαβcβ + gεαβ c¯α(Dβδµ A
δ
µ)c+ b
h∂µAµ + c¯ ∂µ
(
∂µc+ gε
αβAαµc
β
))
.
(45)
As in the case of the Landau gauge, expression (45) enjoys a non-perturbative exact nilpotent BRST
symmetry, namely
sγ2A
α
µ = −(D
αβ
µ c
β + gεαβAβµc) , sγ2Aµ = −(∂µc+ gε
αβAαµc
β) ,
sγ2c
α = gεαβcβc , sγ2c =
g
2
εαβcαcβ ,
sγ2 c¯
α = bh,α , sγ2 c¯ = b
h ,
sγ2b
h,α = sγ2b = 0 ,
sγ2φ
αβ
µ = ω
αβ
µ , sγ2ω
αβ
µ = 0 ,
sγ2 ω¯
αβ
µ = φ¯
αβ
µ + gγ
2εδβAh,3µ
(
M−1(Ah)
)δα
, sγ2φ¯
αβ
µ = 0 , (46)
and
sγ2sγ2 = 0 , sγ2S
GZ
MAG = 0 . (47)
Let us end this section by mentioning that, although we have considered the gauge group SU(2), the
above construction can be straightforwardly generalized to the gauge group SU(N) by making use of the
results of [71].
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4 The Refined Gribov-Zwanziger action in the maximal Abelian gauge
As already mentioned, the Gribov-Zwanziger action in the Landau gauge, eq.(16), generalizes to
its refined version [11, 12, 13]. The origin of the refined version stems for the observation that non-
perturbative condensates of dimensions two, 〈Ah,aµ A
h,a
µ 〉 and 〈φ¯abµ φ
ab
µ − ω¯
ab
µ ω
ab
µ 〉, are dynamically generated
for non-vanishing Gribov parameter γ2. The effective action taking into account the existence of these
condensates is called the refined Gribov-Zwanziger action [11, 12, 13]. So far, the prediction of the refined
action on the infrared behaviour of the gluon and ghost propagators are in very good agreement with the
most recent lattice data, see [83, 84].
A refined version of the action (45) in the maximal Abelian gauge has also been constructed in [69],
where the analogous of the dimension two condensates of the Landau gauge have been introduced. More
precisely, in the case of the maximal Abelian gauge, due to the splitting of the gauge field into diagonal
and off-diagonal components, we have the following dimension two condensates: 〈Ah,αµ A
h,α
µ 〉, 〈A
h,3
µ A
h,3
µ 〉
and 〈φ¯αβµ φ
αβ
µ − ω¯
αβ
µ ω
αβ
µ 〉, playing a different role at the dynamical level.
In particular, the condensate 〈Ah,αµ A
h,α
µ 〉 provides a dynamical Yukawa type mass for the off-diagonal
components of the gluon field [85, 86]. This gives support to the Abelian dominance hypothesis, accord-
ing to which the off-diagonal components should decouple at very low energy scales [48, 51]5.
On the other hand, the condensates 〈Ah,3µ A
h,3
µ 〉 and 〈φ¯
αβ
µ φ
αβ
µ − ω¯
αβ
µ ω
αβ
µ 〉 determine the infrared behaviour
of the diagonal gluon propagator. Following [69], for the refined action which takes into account the
dimension two condensates in the maximal Abelian gauge, we have
SRGZMAG = S
GZ
MAG +
m2off
2
∫
d4xAh,αµ A
h,α
µ +
∫
d4x
(
µ2(φ¯αβµ φ
αβ
µ − ω¯
αβ
µ ω
αβ
µ ) +
m2diag
2
Ah,3µ A
h,3
µ
)
, (49)
with SGZMAG given in expression (45).
The parameters (m2off , µ
2,m2diag) have a dynamical origin, encoding the presence of the dimension two
condensates 〈Ah,αµ A
h,α
µ 〉, 〈A
h,3
µ A
h,3
µ 〉 and 〈φ¯
αβ
µ φ
αβ
µ − ω¯
αβ
µ ω
αβ
µ 〉. The non-perturbative BRST nilpotent sym-
metry introduced in the previous section generalizes almost immediately to the case of the refined action
(49). The only difference with respect to equations (46) is given by the transformation of the field ω¯αβµ ,
which now reads
sγ2 ω¯
αβ
µ = φ¯
αβ
µ + gγ
2εδβAh,3µ
([
M(Ah) + µ21
]−1)δα
. (50)
Again, one checks that
sγ2sγ2 = 0 , sγ2S
RGZ
MAG = 0 . (51)
In view of the analysis of the diagonal gluon propagator, it is instructive to present the explicit first-order
evaluation of the condensates 〈Ah,3µ A
h,3
µ 〉 and 〈φ¯
αβ
µ φ
αβ
µ − ω¯
αβ
µ ω
αβ
µ 〉.
5As a consequence of the existence of the condensate 〈Ah,αµ A
h,α
µ 〉, the tree level off-diagonal propagator takes the form
〈Aαµ(k)A
β
ν (−k)〉 = δ
αβ
(
δµν −
kµkν
k2
)
1
k2 +m2off
, (48)
where the dynamical mass parameter m2off is related to 〈A
h,α
µ A
h,α
µ 〉. Numerical lattice simulations [51, 52, 53, 54, 55, 56,
57, 58, 59, 60, 61, 62, 63, 64, 65] have given evidence that the off-diagonal mass m2off is large enough so as the off-diagonal
gluon components are more suppressed than the corresponding diagonal components at very low energy scales.
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At the first-order only the quadratic part of the action (45) is needed, namely
(SGZMAG)quad =
∫
d4x
(
1
2
Aαµ(−δµν∂
2 + ∂µ∂ν)A
α
ν +
1
2
Aµ(−δµν∂
2 + ∂µ∂ν)Aν
)
+
∫
d4x
(
bα∂µA
α
µ + c¯
α∂2cα + b∂µAµ + c¯∂
2c
)
+
∫
d4x
(
φ¯αβµ (−∂
2)φαβµ − ω¯
αβ
µ (−∂
2)ωαβµ + gγ
2εαβ
(
φαβµ − φ¯
αβ
µ
)
Aµ
)
. (52)
Further, we introduce the operators
∫
d4xAh,3µ A
h,3
µ and
∫
d4x(φ¯αβµ φ
αβ
µ −ω¯
αβ
µ ω
αβ
µ ) in the action by coupling
them to two constant sources J and σ, and we define the vacuum functional E(σ, J) defined by
e−V E(σ,J) =
∫
[DΦ] e
−(SGZMAG)quad−J
∫
d4x(φ¯αβµ φ
αβ
µ −ω¯
αβ
µ ω
αβ
µ )−σ
∫
d4x Aµ
(
δµν−
∂µ∂ν
∂2
)
Aν , (53)
where we used the fact that, at the first-order,∫
d4x Ah,3µ A
h,3
µ =
∫
d4x Aµ
(
δµν −
∂µ∂ν
∂2
)
Aν . (54)
It is easy to check that the condensates 〈Ah,3µ A
h,3
µ 〉 and 〈φ¯
αβ
µ φ
αβ
µ − ω¯
αβ
µ ω
αβ
µ 〉 are obtained by differentiating
E(σ, J) with respect to the sources (J, σ), which are set to zero at the end, i.e.
〈φ¯αβµ φ
αβ
µ − ω¯
αβ
µ ω
αβ
µ 〉 =
∂E(σ, J)
∂J
∣∣∣
J=σ=0
〈Ah,3µ A
h,3
µ 〉 =
∂E(σ, J)
∂σ
∣∣∣
J=σ=0
. (55)
Employing dimensional regularization, a direct computation shows that
E(σ, J) =
(D − 1)
2
∫
dDk
(2pi)D
ln
(
k2 +
4γ4g2
k2 + J
+ 2σ
)
+ terms independ. from (J , σ) . (56)
Eq.(55) and (56) give thus
〈φ¯αβµ φ
αβ
µ − ω¯
αβ
µ ω
αβ
µ 〉first-order = −2γ
4g2(D − 1)
∫
dDk
(2pi)D
1
k2
1
(k4 + 4g2γ4)
(57)
and
〈Ah,3µ A
h,3
µ 〉first-order = −4g
2γ4(D − 1)
∫
dDk
(2pi)D
1
k2
1
(k4 + 4g2γ4)
. (58)
Eq.(57) and eq.(58) show that, already at first-order, both condensates 〈Ah,3µ A
h,3
µ 〉 and 〈φ¯
αβ
µ φ
αβ
µ −ω¯
αβ
µ ω
αβ
µ 〉
are non-vanishing and proportional to the Gribov parameter γ2. Notice also that both integrals in
eqs.(57), (58) are perfectly convergent in the ultraviolet region by power counting. We see thus that, in
perfect analogy with the case of the Landau gauge [11, 12, 13], dimension two condensates are automat-
ically generated by the presence of the Gribov parameter γ2.
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Having introduced the refined action, eq.(49), it is helpful to add a few remarks on its meaning. To
that aim, we integrate out the auxiliary fields (φ¯αβµ , φ
αβ
µ , ω¯
αβ
µ ω
αβ
µ ), obtaining
SRGZMAG = SYM + g
2γ4
∫
d4x d4y Ah,3µ (x)ε
αβ
([
M(Ah) + µ21
]−1)αδ
x,y
εδβAh,3µ (y)
+
m2off
2
∫
d4xAh,αµ A
h,α
µ +
∫
d4x
(
µ2(φ¯αβµ φ
αβ
µ − ω¯
αβ
µ ω
αβ
µ ) +
m2diag
2
Ah,3µ A
h,3
µ
)
+
∫
d4x
(
bh,αDαβµ A
β
µ − c¯
αMαβcβ + gεαβ c¯α(Dβδµ A
δ
µ)c+ b
h∂µAµ + c¯ ∂µ
(
∂µc+ gε
αβAαµc
β
))
,
(59)
from which one sees that the starting horizon function (37) gets replaced by the expression
HMAG(A
h)⇒ g2γ4
∫
Ah
([
M(Ah) + µ21
]−1)
Ah . (60)
Nevertheless, one also observes that the Faddeev-Popov operator Mαβ(A) entering the Faddeev-Popov
ghost sector of expression (59) is left unchanged, being given by the term c¯αMαβ(A)cβ . Thus, the
question which naturally arises is: how the properties of the Faddeev-Popov ghost correlation function
〈c¯αcβ〉 =
(
M−1
)αβ
are changed when the gluon sector has been modified according to eq.(60)? To answer
this question we shall partly refer to the case of the Landau gauge, where the same situation is found.
First, we underline that the parameter µ2 appearing in the refined action (49) is not free. In fact, from
expression (57), one realizes that the dimension two condensate 〈φ¯φ− ω¯ω〉 is proportional to the Gribov
parameter γ2. This means that the mass parameter µ2 has a dynamical origin, being generated by the
Gribov parameter itself. Furthermore, as shown in great detail in [12] in the case of the Landau gauge,
where an explicit check of the no-pole Gribov condition has been worked out, with the inclusion of the
dimension two condensate 〈φ¯φ− ω¯ω〉 the Faddeev-Popov ghost correlation function 〈c¯c〉 =
(
M−1
)
retains
the fundamental property of being positive. This means that with the inclusion of the condensate one
remains inside the Gribov region Ω, i.e. the Gribov horizon is never crossed. Thus, in presence of the
condensate, the Faddeev-Popov ghost stays positive, as required by the restriction to the Gribov region.
Though, its infrared behaviour is now deeply changed. More precisely, with the inclusion of dimension
two condensate it is no more enhanced in the infrared, behaving as 〈c¯c〉
∣∣∣
k∼0
∼ 1/k2, as opposed to the
enhanced behaviour 1/k4 observed in the absence of condensate. Needless to say, a ghost behaviour of
the kind 1/k2 is in very good agreement with the most recent numerical lattice simulations, as well as
with the studies based on the Schwinger-Dyson approach. Finally, we underline that the presence of the
dimension two condensates turns out to be energetically favoured, as shown in [13] through the explicit
evaluation of the effective potential.
We are now ready to evaluate the tree level diagonal gluon propagator. This will be the topic of the next
section.
5 The diagonal gluon propagator in D = 4, 3, 2 dimensions
The four-dimensional diagonal gluon propagator can be read off from the refined action (49), being
given by
〈Aµ(k)Aν(−k)〉D=4 =
(
δµν −
kµkν
k2
)
k2 + µ2
k4 + (m2diag + µ
2)k2 + µ2 m2diag + 4g
2γ4
, (61)
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where the parameters (µ2,m2diag) are related to the dimension two condensates
µ2 ∼ 〈φ¯αβµ φ
αβ
µ − ω¯
αβ
µ ω
αβ
µ 〉 , m
2
diag ∼ 〈A
h,3
µ A
h,3
µ 〉 . (62)
A few remarks are in order here. We notice that expression (61) shares a deep similarity with the gluon
propagator of the Landau gauge [11, 12, 13]. As in the Landau case, it turns out to be suppressed in the
low momentum region, attaining a non-vanishing value at zero momentum, i.e. at k2 = 0. This kind of
behaviour is referred to as the decoupling solution. Moreover, expression (61) is in good agreement with
the lattice numerical simulations of the diagonal gluon propagator in momentum space reported in [64, 65].
Although not explicitly mentioned, the actions (45) and (49) retain their validity in arbitrary dimen-
sion D = 4, 3, 2, so that we can access directly the diagonal gluon propagator in both D = 3, 2.
Looking at the expressions of the condensates in eqs.(56), (57), we see that they exist in D = 3, the
corresponding integrals being perfectly convergent in both IR and UV regions. As a consequence, for the
diagonal gluon propagator in D = 3 we get a decoupling type behaviour as well, i.e.
〈Aµ(k)Aν(−k)〉D=3 =
(
δµν −
kµkν
k2
)
k2 + µ2
k4 + (m2diag + µ
2)k2 + µ2 m2diag + 4g
2γ4
. (63)
Furthermore, from expressions (57), (58), one realizes that the dimension two condensates 〈Ah,3µ A
h,3
µ 〉,
〈φ¯αβµ φ
αβ
µ − ω¯
αβ
µ ω
αβ
µ 〉 cannot be safely introduced in D = 2 dimensions, due to the presence of infrared
singularities, as it is apparent from the presence of the term 1/k2 in the integrand of expressions (57),(58).
Instead, in D = 2 a scaling behaviour given by a Gribov type propagator is exhibited by the diagonal
gluons, namely
〈Aµ(k)Aν(−k)〉D=2 =
(
δµν −
kµkν
k2
)
k2
k4 + 4g2γ4
, (64)
which, unlike expressions (61), (63), vanishes at zero momentum. Again, this feature is in full agreement
with what observed in Landau gauge, where a scaling type solution emerges in D = 2 dimensions
[87, 88, 14]. The emergence of a scaling type solution in D = 2 for the diagonal propagator might have
also strong consequences on the validity of the Abelian dominance hypothesis in D = 2, as recently
advocated in [90].
6 Localization of the non-local field Ahµ and of the BRST operator s
2
γ
In the previous sections use has been made of non-local expressions, i.e. both gauge field Ahµ, eq.(11),
and BRST operator sγ2 , eq.(46), are written in terms of non-local quantities. It is thus relevant to show
here how they can be cast in a local form, so that the standard tools of the algebraic renormalization
[91] can be employed to analyse the structure of the theory and of its symmetry content.
Let us first focus on the non-local field Ahµ and on the non-local part of the action (45), which we
rewrite as
SGZMAG = SYM + S
γ
MAG
+
∫
d4x
(
bh,αDαβµ A
β
µ − c¯
αMαβcβ + gεαβ c¯α(Dβδµ A
δ
µ)c+ b
h∂µAµ + c¯ ∂µ
(
∂µc+ gε
αβAαµc
β
))
.
(65)
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where SγMAG stands for the non-local expression
SγMAG =
∫
d4x
(
φ¯αβµ M
αδ(Ah)φδβµ − ω¯
αβ
µ M
αδ(Ah)ωδβµ + gγ
2εαβ
(
φαβµ − φ¯
αβ
µ
)
Ah,3µ
)
. (66)
The field Ahµ can be localized by introducing an auxiliary Stueckelberg field ξ
a [92], namely
Cµ = C
a
µT
a = h†
(
AaµT
a
)
h+
i
g
h†∂µh ,
h = eigξ
aTa , (67)
where ξa is a local dimensionless Stueckelberg field. The local field Cµ can be now expanded in terms of
the Stueckelberg field ξa, yielding
Caµ = A
a
µ −D
ab
µ ξ
b −
g
2
fabcξbDcdµ ξ
d +O(ξ3) . (68)
Following [92], for the BRST transformation of h, one gets
shij = −igca(T a)ikhkj , s2h = 0 (69)
from which the BRST transformation of the Stueckelberg field ξa can be evaluated iteratively, giving
sξa = −ca +
g
2
fabccbξc −
g2
12
famrfmpqcpξqξr +O(g3) . (70)
It is instructive to check here explicitly the BRST invariance of the field Cµ. For this, it is better to
employ a matrix notation, namely
sAµ = −∂µc+ ig[Aµ, c] , sc = −igcc ,
sh = −igch , sh† = igh†c , (71)
with Aµ = A
a
µT
a, c = caT a, ξ = ξaT a. From expression (67) we easily get
sCµ = igh
†c Aµh+ h
†(−∂µc+ ig[Aµ, c])h − igh
†Aµ ch− h
†c∂µh+ h
†∂µ(ch)
= igh†cAµh− h
†(∂µc)h+ igh
†Aµ ch− igh
†c Aµh− igh
†Aµch− h
†c∂µh+ h
†(∂µc)h+ h
†c∂µh
= 0 , (72)
which establishes the invariant character of Cµ.
The non-local action SγMAG, eq.(73), can be now replaced by the equivalent local expression[
SγMAG
]
loc
=
∫
d4x
(
φ¯αβµ M
αδ(C)φδβµ − ω¯
αβ
µ M
αδ(C)ωδβµ + gγ
2εαβ
(
φαβµ − φ¯
αβ
µ
)
C3µ + τ
α∂µC
α
µ + τ
3∂µC
3
µ
)
.
(73)
The fields (ταµ , τ
3) are Lagrange multipliers imposing that the fields (Cαµ , C
3
µ) are transverse, i.e.
∂µC
α
µ = 0 , ∂µC
3
µ = 0 . (74)
As discussed at length in [1], see in particular eqs.(A13-A16) of Appendix A, the trasnversality conditions
(74) can be solved iteratively for ξ as a function of the gauge field Aµ. In fact, imposing ∂µC
α
µ = ∂µC
3
µ = 0,
yields
∂2ξ = ∂µA+ ig[∂µAµ, ξ] + ig[Aµ, ∂µξ] + g
2∂µξAµξ + g
2ξ∂µAµξ + g
2ξAµ∂µξ
−
g2
2
∂µAµξ
2 −
g2
2
Aµ∂µξξ −
g2
2
Aµξ∂µξ −
g2
2
∂µξξAµ −
g2
2
ξ∂µξAµ −
g2
2
ξ2∂µAµ
+ i
g
2
[ξ, ∂2ξ] +O(ξ3) . (75)
13
Solving iteratively, we arrive at
ξ =
1
∂2
∂µAµ + i
g
∂2
[
∂A,
∂A
∂2
]
+ i
g
∂2
[
Aµ, ∂µ
∂A
∂2
]
+
i
2
g
∂2
[
∂A
∂2
, ∂A
]
+O(A3) , (76)
and thus
Cµ → A
h
µ , (77)
where
Ahµ = Aµ −
1
∂2
∂µ∂A− ig
∂µ
∂2
[
Aν , ∂ν
∂A
∂2
]
− i
g
2
∂µ
∂2
[
∂A,
1
∂2
∂A
]
+ ig
[
Aµ,
1
∂2
∂A
]
+ i
g
2
[
1
∂2
∂A,
∂µ
∂2
∂A
]
+O(A3) , (78)
so that the starting non-local expression (11) is recovered.
Let us proceed now with the localization of the BRST operator s2γ , eq.(46). Here, we follow the procedure
already employed in [93] and we introduce the following auxiliary action
Saux =
∫
d4x
(
βαβµ M
αδ(C)β¯δβµ − ψ¯
αβ
µ M
αδ(C)ψδβµ − gε
αβ β¯αβµ C
3
µ
)
, (79)
where
(
βαβµ , β¯
αβ
µ
)
are a pair of bosonic fields, while
(
ψαβµ , ψ¯
αβ
µ
)
are anti-commuting.
It can be easily checked that the combination
([
SγMAG
]
loc
+ Saux
)
is left invariant by the following local,
nilpotent, BRST transformations sloc:
slocA
α
µ = −(D
αβ
µ c
β + gεαβAβµc) , slocAµ = −(∂µc+ gε
αβAαµc
β) ,
slocc
α = gεαβcβc , slocc =
g
2
εαβcαcβ ,
slocc¯
α = bh,α , slocc¯ = b
h ,
slocb
h,α = slocb = 0 ,
sloch
ij = −igca(T a)ikhkj , slocC
α
µ = 0 , slocC
3
µ = 0 ,
slocφ
αβ
µ = ω
αβ
µ , slocω
αβ
µ = 0 ,
slocω¯
αβ
µ = φ¯
αβ
µ + γ
2βαβµ , slocφ¯
αβ
µ = 0 , slocβ
αβ
µ = 0 ,
slocβ¯
αβ
µ = γ
2ωαβµ , slocψ¯
αβ
µ = 0 , slocψ
αβ
µ = 0 , (80)
and
slocsloc = 0 , sloc
([
SγMAG
]
loc
+ Saux
)
= 0 . (81)
In fact,
sloc
([
SγMAG
]
loc
+ Saux
)
=
∫
d4x
(
φ¯αβµ M
αδ(C)ωδβµ − (φ¯
αβ
µ + γ
2βαβµ )M
αδ(C)ωδβµ + gγ
2εαβωαβµ C
3
µ
)
+
∫
d4x
(
γ2βαβµ M
αδ(C)ωδβµ − gγ
2εαβωαβµ C
3
µ
)
= 0 . (82)
As explained in [93], the introduction of the auxiliary action (79) enables us to localize the BRST operator
sγ2 . This follows by looking at the equation of motion of the auxiliary field β¯, namely
δSaux
δβ¯
=M(C)β − gC3 = 0 ⇒ β = g C3
1
M(C)
. (83)
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Therefore, from equation (77), one gets
slocω¯ = φ¯+ γ
2β ⇒ sγ2 ω¯ = φ¯+ gγ
2 (Ah)
3 1
M(Ah)
,
sloc ⇒ sγ2 , (84)
so that the non-local expression of the operator sγ , eq.(46), is recovered.
In summary, the localized action6[
SGZMAG
]
loc
= SYM +
[
SγMAG
]
loc
+ Saux
+
∫
d4x
(
bh,αDαβµ A
β
µ − c¯
αMαβcβ + gεαβ c¯α(Dβδµ A
δ
µ)c+ b
h∂µAµ + c¯ ∂µ
(
∂µc+ gε
αβAαµc
β
))
,
(85)
is left invariant by the local, nilpotent, BRST transformations (80), i.e.
sloc
[
SGZMAG
]
loc
= 0 , slocsloc = 0 . (86)
Both action (85) and BRST operator (80) reduce to their non-local expressions when the auxiliary
localizing fields (ξ, β¯, β, ψ, ψ¯) are integrated out. Moreover, equations (86) can be immediately translated
into Slavnov-Taylor identities useful for studying the algebraic renormalization as well as the cohomology
of the local BRST operator sloc. We shall post-pone this study to a further detailed analysis. Let us
end this section by calling attention to the fact that the non-polynomial character of the local action[
SGZMAG
]
loc
in the Stueckelberg field ξ does not jeopardise the use of the powerful tools of the algebraic
renormalization [91], which have been already successfully applied to other non-polynomial actions like,
for instance, N = 1 Super-Yang-Mills in super-space, chiral Wess-Zumino models in two dimensions as
well as non-linear sigma models.
7 Conclusion
In this work the generalization of the non-perturbative exact nilpotent symmetry of the Gribov-
Zwanziger action constructed in [1] in the Landau gauge has been generalized to the case of Yang-Mills
theories quantized in the maximal Abelian gauge, as summarized by eqs.(46), (47).
It is worth to point out the deep similarity existing between the non-perturbative nilpotent BRST op-
erators of the Landau and maximal Abelian gauges, as one can infer by comparing expressions (17) and
(46). One notices in fact that the Faddeev-Popov operators of both gauges appear in exactly the same
way, i.e in the transformation of the auxiliary field ω. The presence of the inverse of the Faddeev-Popov
operators shows that the non-perturbative BRST operator sγ2 feels the presence of the Gribov horizon.
As such, the operator sγ2 is deeply intertwined with the geometry of the corresponding Gribov regions
in both gauges.
The exact non-perturbative BRST symmetry has also been extended to the refined version of the theory,
eq.(49), which takes into account the existence of the dimension two condensates.
6We also point out that the Lagrange multipliers (bh, bh,α) appearing in expression (85) can be considered as elementary
fields. This follows by noticing that the field redefinitions in eq.(42) correspond in fact to field transformations with unit
Jacobian.
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The resulting diagonal gluon propagator has been evaluated in D = 4, 3, 2 dimensions. While in D = 4, 3
a decoupling type behaviour has been found, see eqs.(63), (63), inD = 2 a scaling type behaviour emerges,
as given in eq.(64). Once more, we underline the strict analogy existing with the gluon propagator of
the Landau gauge, which exhibits a similar behavior. This feature suggests a kind of general behavior of
the gluon propagator in different gauges, as recently advocated in [89], where a study of the equal-time
spatial gluon propagator has been performed in the Coulomb gauge, obtaining similar results.
Finally, we hope that this work will stimulate our colleagues from the lattice community to pursue
the numerical studies of the diagonal gluon propagator in both D = 4, 3, 2 dimensions.
Acknowledgements
The Conselho Nacional de Desenvolvimento Cient´ıfico e Tecnolo´gico (CNPq-Brazil), the FAPERJ,
Fundac¸a˜o de Amparo a` Pesquisa do Estado do Rio de Janeiro, the Coordenac¸a˜o de Aperfeic¸oamento de
Pessoal de Nı´vel Superior (CAPES), are gratefully acknowledged.
References
[1] M. A. L. Capri et al., Phys. Rev. D 92, no. 4, 045039 (2015) [arXiv:1506.06995 [hep-th]].
[2] V. N. Gribov, Nucl. Phys. B 139, 1 (1978).
[3] I. M. Singer, Commun. Math. Phys. 60 (1978) 7.
[4] D. Zwanziger, Nucl. Phys. B 321, 591 (1989).
[5] D. Zwanziger, Nucl. Phys. B 323, 513 (1989).
[6] D. Zwanziger, Nucl. Phys. B 399, 477 (1993).
[7] G. Dell’Antonio and D. Zwanziger, Commun. Math. Phys. 138 (1991) 291.
[8] P. van Baal, Nucl. Phys. B 369, 259 (1992).
[9] R. F. Sobreiro and S. P. Sorella, hep-th/0504095.
[10] N. Vandersickel and D. Zwanziger, Phys. Rept. 520, 175 (2012).
[11] D. Dudal, S. P. Sorella, N. Vandersickel and H. Verschelde, Phys. Rev. D 77, 071501 (2008).
[12] D. Dudal, J. A. Gracey, S. P. Sorella, N. Vandersickel and H. Verschelde, Phys. Rev. D 78, 065047
(2008).
[13] D. Dudal, S. P. Sorella and N. Vandersickel, Phys. Rev. D 84, 065039 (2011).
[14] A. Cucchieri, D. Dudal and N. Vandersickel, Phys. Rev. D 85, 085025 (2012) [arXiv:1202.1912
[hep-th]].
[15] D. Dudal, M. S. Guimaraes and S. P. Sorella, Phys. Rev. Lett. 106, 062003 (2011).
[16] D. Dudal, M. S. Guimaraes and S. P. Sorella, Phys. Lett. B 732, 247 (2014).
[17] F. E. Canfora, D. Dudal, I. F. Justo, P. Pais, L. Rosa and D. Vercauteren, arXiv:1505.02287 [hep-th].
16
[18] F. Canfora, P. Pais and P. Salgado-Rebolledo, Eur. Phys. J. C 74, 2855 (2014).
[19] F. Canfora and L. Rosa, Phys. Rev. D 88, 045025 (2013).
[20] K. Lichtenegger and D. Zwanziger, Phys. Rev. D 78 (2008) 034038.
[21] K. Fukushima and K. Kashiwa, Phys. Lett. B 723 (2013) 360.
[22] K. Fukushima and N. Su, Phys. Rev. D 88 (2013) 076008.
[23] N. Su and K. Tywoniuk, Phys. Rev. Lett. 114 (2015) 16, 161601.
[24] M. A. L. Capri, M. S. Guimaraes, I. F. Justo, L. F. Palhares and S. P. Sorella, Phys. Lett. B 735,
277 (2014).
[25] M. A. L. Capri, D. R. Granado, M. S. Guimaraes, I. F. Justo, L. F. Palhares, S. P. Sorella and
D. Vercauteren, Eur. Phys. J. C 74, 2961 (2014).
[26] M. A. L. Capri, D. Dudal, A. J. Gomez, M. S. Guimaraes, I. F. Justo, S. P. Sorella and D. Ver-
cauteren, Phys. Rev. D 88, 085022 (2013).
[27] D. Dudal, S. P. Sorella, N. Vandersickel and H. Verschelde, Phys. Rev. D 79, 121701 (2009).
[28] D. Dudal, S. P. Sorella, N. Vandersickel and H. Verschelde, Phys. Rev. D 79, 121701 (2009).
[29] S. P. Sorella, Phys. Rev. D 80, 025013 (2009).
[30] L. Baulieu and S. P. Sorella, Phys. Lett. B 671, 481 (2009).
[31] M. A. L. Capri, A. J. Gomez, M. S. Guimaraes, V. E. R. Lemes, S. P. Sorella and D. G. Tedesco,
Phys. Rev. D 82, 105019 (2010).
[32] D. Dudal and S. P. Sorella, Phys. Rev. D 86, 045005 (2012)
[33] D. Dudal, M. S. Guimaraes, I. F. Justo and S. P. Sorella, Eur. Phys. J. C 75, no. 2, 83 (2015).
[34] M. A. L. Capri, D. Dudal, M. S. Guimaraes, L. F. Palhares and S. P. Sorella, Phys. Lett. B 719,
448 (2013).
[35] A. D. Pereira and R. F. Sobreiro, Eur. Phys. J. C 73, 2584 (2013).
[36] A. D. Pereira, Jr. and R. F. Sobreiro, Eur. Phys. J. C 74, no. 8, 2984 (2014).
[37] M. A. L. Capri, M. S. Guimaraes, I. F. Justo, L. F. Palhares and S. P. Sorella, Phys. Rev. D 90, no.
8, 085010 (2014).
[38] M. Tissier and N. Wschebor, Phys. Rev. D 82, 101701 (2010).
[39] J. Serreau and M. Tissier, Phys. Lett. B 712 (2012) 97.
[40] J. Serreau, M. Tissier and A. Tresmontant, arXiv:1505.07270 [hep-th].
[41] P. M. Lavrov and O. Lechtenfeld, Phys. Lett. B 725, 386 (2013).
[42] P. Y. Moshin and A. A. Reshetnyak, arXiv:1506.04660 [hep-th].
[43] M. Schaden and D. Zwanziger, Phys. Rev. D 92, no. 2, 025001 (2015) [arXiv:1412.4823 [hep-ph]].
[44] M. Schaden and D. Zwanziger, Phys. Rev. D 92, no. 2, 025002 (2015) [arXiv:1501.05974 [hep-th]].
17
[45] A. Cucchieri, D. Dudal, T. Mendes and N. Vandersickel, Phys. Rev. D 90, no. 5, 051501 (2014).
[46] R. F. Sobreiro and S. P. Sorella, JHEP 0506, 054 (2005) [hep-th/0506165].
[47] M. A. L. Capri, A. D. Pereira, R. F. Sobreiro and S. P. Sorella, arXiv:1505.05467 [hep-th].
[48] G. ’t Hooft, Nucl. Phys. B 190, 455 - 478 (1981).
[49] Y. Nambu, Phys. Rev. D 10, 4262 (1974).
[50] S. Mandelstam, Physics Reports 23, 245 - 249 (1976).
[51] Z. F. Ezawa and A. Iwazaki, Phys. Rev. D 25, 2681 - 2689 (1982).
[52] S. Sasaki and O. Miyamura, hep-lat/9811029, Phys. Rev. D 59, 094507 (1999).
[53] S. Sasaki and O. Miyamura, Phys. Lett. B, 443, 1-4, 331-337 (1998) [arXiv:hep-lat/9810039].
[54] T. Suzuki, prog. Theor. Phys. Suppl. 120, 7-23 (1995).
[55] T. Suzuki and I. Yotsuyanagi, Phys. Rev. D 42, 4257-4260 (1990).
[56] H. Shiba and T. Suzuki, Phys. Lett. B 333, 461-466 (1994) [arXiv:hep-lat/940401].
[57] J. D. Stack, S. D. Nieman and R. Wensley, Phys. Rev. D 50, 3399-3405 (1994)
[arXiv:hep-lat/9404014].
[58] S. Hioki, S. Kitahara, S. Kiura, Y. Matsubara, O. Miyamura, S. Ohno and T. Suzuki, Phys. Lett. B
272, 326-332 (1991); Erratum-ibid. B 281, 416 (1992).
[59] O. Miyamura, Phys. Lett. B 353, 91-95 (1995).
[60] K. Amemiya and H. Suganuma, Phys. Rev. D 60 (1999) 114509 [hep-lat/9811035].
[61] V. G. Bornyakov, M. N. Chernodub, F. V. Gubarev, S. M. Morozov and M. I. Polikarpov, Phys.
Lett. B 559, 214 (2003) [hep-lat/0302002].
[62] S. Gongyo and H. Suganuma, Phys. Rev. D 87, 074506 (2013) [arXiv:1302.6181 [hep-lat]].
[63] N. Sakumichi and H. Suganuma, Phys. Rev. D 90, no. 11, 111501 (2014) [arXiv:1406.2215 [hep-lat]].
[64] T .Mendes, A. Cucchieri and A. Mihara, AIP Conf. Proc. 892, 203 (2007) [arXiv:hep-lat/0611002].
[65] T. Mendes, A. Cucchieri, A. Maas and A. Mihara, [arXiv:0809.3741 [hep-lat]] (2008).
[66] M. A. L. Capri, V. E. R. Lemes, R. F. Sobreiro, S. P. Sorella and R. Thibes, Phys. Rev. D 72,
085021 (2005) [hep-th/0507052].
[67] M. A. L. Capri, V. E. R. Lemes, R. F. Sobreiro, S. P. Sorella and R. Thibes, Phys. Rev. D 74 (2006)
105007 [hep-th/0609212].
[68] M. A. L. Capri, D. Dudal, J. A. Gracey, S. P. Sorella and H. Verschelde, JHEP 0801, 006 (2008)
[arXiv:0708.4303 [hep-th]].
[69] M. A. L. Capri, V. E. R. Lemes, R. F. Sobreiro, S. P. Sorella and R. Thibes, Phys. Rev. D 77,
105023 (2008) [arXiv:0801.0566 [hep-th]].
[70] M. A. L. Capri, A. J. Gomez, V. E. R. Lemes, R. F. Sobreiro and S. P. Sorella, Phys. Rev. D 79,
025019 (2009) [arXiv:0811.2760 [hep-th]].
18
[71] M. A. L. Capri, A. J. Gomez, M. S. Guimaraes, V. E. R. Lemes and S. P. Sorella, J. Phys. A 43,
245402 (2010) [arXiv:1002.1659 [hep-th]].
[72] M. A. L. Capri, A. J. Gomez, M. S. Guimaraes, V. E. R. Lemes, S. P. Sorella and D. G. Tedesco,
Phys. Rev. D 85, 085012 (2012) [arXiv:1110.4395 [hep-th]].
[73] J. Greensite, S. Olejnik and D. Zwanziger, Phys. Rev. D 69, 074506 (2004) [hep-lat/0401003].
[74] M. Q. Huber, K. Schwenzer and R. Alkofer, Eur. Phys. J. C 68, 581 (2010) [arXiv:0904.1873 [hep-th]].
[75] D. Zwanziger, Nucl. Phys. B 345, 461 (1990).
[76] M. Lavelle and D. McMullan, Phys. Rept. 279, 1 (1997).
[77] M. A. L. Capri, D. Dudal, J. A. Gracey, V. E. R. Lemes, R. F. Sobreiro, S. P. Sorella and H. Ver-
schelde, Phys. Rev. D 72, 105016 (2005).
[78] A. S. Kronfeld, G. Schierholz and U.-J. Wiese, Nucl. Phys. B 293, 461 - 478 (1987).
[79] A. S. Kronfeld, M. L. Laursen, G. Schierholz and U.-J. Wiese, Phys. Lett. B 198, 4, 516 - 520 (1987).
[80] F. Bruckmann, T. Heinzl, A. Wipf and T. Tok, Nucl. Phys. B 584, 589 (2000)
[arXiv:hep-th/0001175].
[81] M. S. Guimaraes and S. P. Sorella, J. Math. Phys. 52, 092302 (2011) [arXiv:1106.3944 [hep-th]].
[82] M. A. L. Capri, M. S. Guimaraes, V. E. R. Lemes, S. P. Sorella and D. G. Tedesco, Annals Phys.
344, 275 (2014) [arXiv:1309.4043 [hep-th]].
[83] D. Dudal, O. Oliveira and N. Vandersickel, Phys. Rev. D 81, 074505 (2010) [arXiv:1002.2374 [hep-
lat]].
[84] A. Cucchieri, D. Dudal, T. Mendes and N. Vandersickel, Phys. Rev. D 85, 094513 (2012)
[arXiv:1111.2327 [hep-lat]].
[85] D. Dudal, J. A. Gracey, V. E. R. Lemes, M. S. Sarandy, R. F. Sobreiro, S. P. Sorella and H. Ver-
schelde, Phys. Rev. D 70, 114038 (2004) [hep-th/0406132].
[86] K. I. Kondo, Phys. Lett. B 572, 210 (2003) [hep-th/0306195].
[87] M. Q. Huber, A. Maas and L. von Smekal, JHEP 1211, 035 (2012) [arXiv:1207.0222 [hep-th]].
[88] D. Dudal, S. P. Sorella, N. Vandersickel and H. Verschelde, Phys. Lett. B 680, 377 (2009)
[arXiv:0808.3379 [hep-th]].
[89] M. S. Guimaraes, B. W. Mintz and S. P. Sorella, Phys. Rev. D 91, no. 12, 121701 (2015)
[arXiv:1503.03120 [hep-th]].
[90] S. Gongyo, arXiv:1411.2211 [hep-lat].
[91] O. Piguet and S. P. Sorella, Lect. Notes Phys. M 28, 1 (1995).
[92] N. Dragon, T. Hurth and P. van Nieuwenhuizen, Nucl. Phys. Proc. Suppl. 56B, 318 (1997)
[hep-th/9703017].
[93] D. Dudal and N. Vandersickel, Phys. Lett. B 700, 369 (2011) [arXiv:1010.3927 [hep-th]].
19
